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Abstract
We study the Drell–Yan production of heavy vector and axial-vector states of generic Higgsless models
at hadron colliders. We analyse in particular the +−, WZ, and three SM gauge boson final states. In the
+− case we show how present Tevatron data restricts the allowed parameter space of these models. The
two and three gauge boson final states (especially WZ, WWZ, and WZZ) are particularly interesting in
view of the LHC, especially for light axial-vector masses, and could shed more light on the role of spin-1
resonances in the electroweak precision tests.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
While the evidences in favour of the spontaneous breaking of the electroweak group are very
strong, the fact that this breaking occurs via a single fundamental Higgs field, with a non-trivial
vacuum expectation value, is far from being clearly established. A fundamental Higgs boson is
certainly the most economical way to explain this spontaneous breaking, and a light Higgs mass
(mh ≈ 100 GeV) is also an efficient way to account for all the existing electroweak precision
tests. However, the strong sensitivity of mh to short-distance scales poses a serious naturalness
problem to this view and motivates the search for alternative symmetry-breaking mechanisms.
An interesting alternative is that of Higgsless models, or the wide class of theories (see e.g.
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O. Catà et al. / Nuclear Physics B 822 (2009) 230–244 231Ref. [1–7]) where the SU(2)L × U(1)Y → U(1)Q breaking is generated by some new strong
dynamics above the Fermi scale (v = (√2GF )−1/2  246 GeV).
A general feature of Higgsless models is the appearance of new spin-1 states that replace
the Higgs boson in keeping perturbative unitarity up to a few TeV [8,9]. These states are the
lightest non-standard particles and should provide the first clue of such models at high-energy
colliders. The phenomenology of heavy vectors at Tevatron and the LHC has been discussed by
various authors (for recent analyses see e.g. [10–12]). However, most of the existing analyses
are based on specific dynamical assumptions, e.g., considering these vector states as the massive
gauge bosons of a hidden local symmetry. As recently discussed in [13] (see also [14]), these
assumptions may be too restrictive for generic models with strong dynamics at the TeV scale,
and only going beyond these assumptions the sole exchange of heavy vectors can provide a
successful description of electroweak precision observables (EWPO).
The purpose of this paper is to study the Drell–Yan production (and subsequent decays) of
spin-1 states at hadron colliders, based on the following rather general dynamical assumptions:
• The new strong dynamics is invariant under a global chiral symmetry G = SU(2)L ×
SU(2)R , broken spontaneously into H = SU(2)L+R (the custodial symmetry of the SM
Higgs potential), and under a discrete parity symmetry (P : SU(2)L ↔ SU(2)R).
• A pair of vector (V ) and axial-vector (A) states, belonging to the adjoint representation of
H , are the only new light dynamical degrees of freedom below a cut-off scale Λ ∼ 2–3 TeV.
• The exchange of the V field ensures the tree-level unitarity of WW → WW scattering up to
the cut-off.
• SM fermions couple to the new V and A states only via the SM gauge interactions.
Employing these rather general assumptions, we consider an effective theory valid below the
cut-off scale Λ written in terms of the Goldstone bosons of the G/H breaking (which give rise
to the longitudinal components of the W and Z fields) and the new spin-1 states. As in [13],
we describe the latter using the antisymmetric tensor formalism of Ref. [15], and restrict the
parameter space of the model imposing the EWPO constraints.
Within this framework we study the Drell–Yan production of the V and A states, and their
subsequent decays into +− pairs, two and three SM gauge bosons. Even after imposing the
EWPO constraints a wide range of masses and couplings for the V and A states is allowed. We
show that a significant reduction of the allowed parameter space is obtained using the recent
pp¯ → e+e− data from Tevatron. As far as the future prospects of discovering such states at the
LHC are concerned, we do not present a general scan over the allowed parameter space. Instead
we focus our attention on: (i) identifying interesting experimental signatures at the early stage of
the LHC; and (ii) identifying the main differences with respect to more conventional Higgsless
models.
The paper is organised as follows. In Section 2 we present the Lagrangian of the model.
Analytic expressions for the decay widths and the Drell–Yan cross sections (in some simplifying
limits) of V and A states are presented in Sections 3 and 4, respectively. The numerical analysis
is presented in Section 5 and the results are summarised in the Conclusions.
2. The Lagrangian
The starting point is the usual lowest-order chiral Lagrangian for the G/H Goldstone boson
fields
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(2)DμU = ∂μU − iBˆμU + iUWˆμ, Wˆμ = gT aWaμ, Bˆμ = g′T 3Bμ,
and 〈 〉 denotes the trace of a 2 × 2 matrix. The transformation properties of the Goldstone boson
fields under SU(2)L × SU(2)R are defined by
(3)u → gRuh† = hug†L, U → gRUg†L,
where h = h(u,gL,gR) is an element of SU(2)L+R .
Following Ref. [15], we describe the heavy spin-1 states by means of antisymmetric tensors.
We consider two phenomenologically relevant vector states with opposite parity, Aμν[1++] and
V μν[1−−], both belonging to the adjoint representation of SU(2)L+R :
(4)Rμν → hRμνh†, Rμν = Aμν, V μν.
The kinetic term in the Lagrangian has the form:
(5)Lkin
(
Rμν
)= −1
2
〈∇μRμν∇σRσν 〉+ 14M2R
〈
RμνRμν
〉
,
with the covariant derivative
∇μR = ∂μR + [Γμ,R],
(6)Γμ = 12
[
u†(∂μ − iBˆμ)u+ u(∂μ − iWˆμ)u†
]
, Γ †μ = −Γμ.
The O(p2) couplings of these heavy fields to Goldstone bosons and SM gauge fields are
parametrised in terms of 3 effective operators, defined by
(7)
L(2)1V =
i
2
√
2
GV
〈
V μν[uμ,uν]
〉+ 1
2
√
2
FV
〈
V μν
(
uWˆμνu† + u†Bˆμνu)〉
+ 1
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√
2
FA
〈
Aμν
(
uWˆμνu† − u†Bˆμνu)〉,
where uμ = iu†DμUu† = u†μ (such that uμ → huμh†). The 3 effective couplings, FV,A and
GV , have dimensions of mass and, by naive dimensional analysis, are expected to be of O(v).
As demonstrated in Ref. [13], in 3- and 4-site Higgsless models FV and GV are not independent
and obey the “hidden-gauge relation” FV = 2GV : this relation holds in all five-dimensional
deconstructed models as long as we neglect non-renormalizable terms in the bulk; however, as
discussed in [14], it can be violated in more general Higgsless frameworks.
As shown in Ref. [13], an important role in electroweak precision tests is also played by
O(p2) operators with two heavy fields. In particular, we are interested in the following effective
Lagrangian
(8)L(2)2V = igA
〈
Aμν
[∇ρV ρν, uμ]〉+ igV 〈V μν[∇ρAρν,uμ]〉,
where the adimensional couplings gV,A are expected to be O(1).
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We compute the decay widths of the heavy vectors at tree level, expanding the matrix elements
to first non-trivial order in  = v2/M2R . For the amplitudes we are interested in, the expansion in
 is accompanied by an expansion in the gauge coupling, and the effective expansion parameter
turns out to be g22 ∼ m2W/M2R . This implies that neglecting higher order terms in this expansion
is usually a good approximation even for MR ∼ 500 GeV. The only exceptions are cases where
the leading result has some anomalous suppression, such as the possible phase-space suppression
of the axial decay width (see below).
On the other hand, we do not neglect terms suppressed by s2W ≈ 0.23, which is often not a
good numerical approximation. We finally assume MA >MV , as expected in all realistic models,
such that the vector state cannot decay into the axial one.
3.1. Vector fields
The leading decay channel of the heavy vector is the two-body decay into two longitudinal
SM gauge bosons. Taking into account that GV = O(v), the corresponding decay width is of
O(MV −2). In particular, for the charged and neutral states we have
(9)ΓV + ≈ Γ VWZ =
G2V M
3
V
48πv4
[
1 + O(g22)], ΓV 0 ≈ Γ VWW = Γ VWZ[1 + O(g22)].
The two-body decays into fermion pairs are parametrically suppressed by O(g44) with respect
to the leading mode, and thus are strongly suppressed:
Γ V
d¯u
= 3Γ V
¯ν
= g
4F 2V
64πMV
,
(10)Γ V
f¯ f
= 2NfΓ
V
¯ν
c4W
{[(
1 − 2s2W
)
T
f
3 + s2WQf
]2 + (s2WQf )2},
where Nf denotes the color and flavor multiplicity of the final state.1
3.2. Axial fields
In the axial case, due to MA > MV , L(2)2V allows the decay channel A → V + W(Z), which
turns out to be the parametrically leading mode:
Γ A
V +W− = Γ AV −W+ = Γ AV 0W+ = Γ AV +Z
.= Γ AVW ,
(11)Γ AVW =
M3A
48πv2
(
1 − r2)3[g2A(1 + 2r2)+ g2V
(
1 + 2
r2
)
+ 6gAgV
]
,
where r = MV /MA.
In the case of the axial vectors, parity forbids the decay into two longitudinal SM gauge
bosons. Therefore, the leading decay mode allowed by L(2)1V is now the channel with one trans-
verse and one longitudinal gauge boson, whose corresponding decay width is of O(MAg2). In
1 For completeness, we recall that T u = T ν = −T d = −T  = 1/2, Q = −1 and Qu = −2Qd = 2/3.3 3 3 3
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particular, for the neutral and charged channels we have:
(12)Γ AWW =
g2F 2AMA
192πv2
, Γ AWZ =
1
2
Γ AWW
[
1 + (1 − 2s
2
W)
2
c2W
]
, Γ AWγ = 2s2WΓ AWW .
As anticipated, the A → V + W(Z) decay channel may be affected by a sizable kinematical
suppression in the limit r → 1. As a result, a safe approximation to the total width of the axial
vector is obtained by summing the VW and WW final states:
(13)ΓA+ ≈ 2Γ AVW + Γ AWZ + Γ AWγ , ΓA0 ≈ 2Γ AVW + Γ AWW .
The two-body fermionic decay widths of the axial vectors are identical to those in Eq. (10) but
for O(s2W) corrections in the neutral case:
(14)Γ A
d¯u
= 3Γ A
¯ν
= 3MV
MA
Γ V
¯ν
, Γ A
f¯ f
= 2NfΓ
A
¯ν
c4W
[(
T
f
3 − s2WQf
)2 + (s2WQf )2].
4. Cross sections
In this section we will consider the Drell–Yan production of resonances leading to +−, WZ,
and three SM gauge boson (WWW , WWZ and WZZ) final states. The processes are collected
respectively in Fig. 1 and Fig. 2. At the partonic level, the Drell–Yan production of the resonances
can be written as
(15)σ(qi q¯j → R → f ) =
12πΓ 2RBRinBRf
(q2 −M2R)2 +M2RΓ 2R
[
1 + O
(
q2 −M2R
M2R
)]
,
where q2 is the invariant mass of the generic final state f and BRin(f ) denote the (on-shell) branch-
ing ratios of the resonance into initial and final states. The expression (15) is valid only for q2
close to the resonance peak and neglecting interference effects with SM amplitudes. As we will
show, the latter is a good approximation for the leading two and three SM gauge boson final
states and relatively light spin-1 masses (up to ∼ 1 TeV). On the contrary, interference effects
cannot be neglected in the purely leptonic final states.
The convolution with the initial-state parton distribution functions is the same occurring in
Drell–Yan processes within the SM (up to tiny higher-order corrections). As a result, it is con-
venient to normalise the resonant cross sections to SM Drell–Yan processes. To this purpose we
define
(16)FR+f
(
q2
)= σ(ud¯ → R+ → f )
σ (ud¯ → μ+ν)SM
, FR
0
q
f
(
q2
)= σ(qq¯ → R0 → f )
σ (qq¯ → μ+μ−)SM .
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mass distribution (notations as in Fig. 1).
Note that in both cases (the W and Z production in the SM, and the resonance production in the
Higgsless framework) the partonic process is flavour-independent. As a result, FR+f (q2) is the
same for the three families of quarks, while in the neutral case we need to distinguish two form
factors, FR0uf (q2) and F
R0d
f (q
2), for generic up-type and down-type quarks.
In the charged case the situation is particularly simple: using the form factor introduced above
the complete pp cross section for q2  m2W reads
(17)d
dq2
σ(pp → R+ → f ) = FR+f
(
q2
) d
dq2
σ(pp → μ+ν)SM,
where the explicit expression for the form factor is:
(18)FR+f
(
q2
)= 12πF 2RBRf
MRΓR
q2Γ 2R
(q2 −MR)2 +M2RΓ 2R
.
For instance, in the V → WZ case this implies
(19)FV +WZ
(
q2
)≈ 80(1 TeV
MV
)4(
FV
2GV
)2 q2Γ 2V
(q2 −MV )2 +M2V Γ 2V
,
with
(20)ΓV + ≈ (36 GeV)
(3G2V
v2
)(
MV
1 TeV
)3
.
The large numerical coefficient in (19) and the narrow vector decay width allow us to safely
neglect the interference with the SM in this channel, at least up to MV ∼ 1 TeV.
In the neutral case the situation is slightly more complicated by the presence of two basic
independent partonic processes. The complete pp cross section for q2  m2Z can be written as
(21)
d
dq2
σ
(
pp → R0 → f )
= FR0uf
(
q2
) ∑
q=u,c
d
dq2
σ(q)(pp → μ+μ−)SM + FR
0
d
f
(
q2
)
×
∑
q=d,s
d
dq2
σ(q)(pp → μ+μ−)SM,
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qq¯ → μ+ν. The explicit expressions for the neutral form factors are:
(22)FR
0
q
f
(
q2
)= 24πF 2RNRq BRf
M3RΓR
q4Γ 2R
(q2 −MR)2 +M2RΓ 2R
,
where
NVq = C−1q
{[(
1 − 2s2W
)
T
q
3 + s2WQq
]2 + (s2WQq)2},
NAq = C−1q
[(
T
q
3 − s2WQq
)2 + (s2WQq)2],
(23)
Cq =
[(
T
q
3 − s2WQq
)2 + (s2WQq)2][1 − 4s2W + 8s4W ]+ 16s4Wc4WQ2q
+ 4s2Wc2WQq
(
T
q
3 − 2s2WQq
)(
1 − 2s2W
)
.
Numerically, NVu ≈ 0.67, NVd ≈ 0.81, NAu ≈ 0.47, NAd ≈ 1.19.
4.1. The three gauge boson final state
The final state with three SM gauge bosons (WWW , WWZ, WZZ) is dominated by the
VW(Z) intermediate state, with subsequent decay of the heavy vector into a pair of longitudinal
gauge bosons. The relevant diagrams are shown in Fig. 2. In this case the pure electroweak SM
amplitude is totally negligible, while the relative weight of the resonant A → VW(Z) processes
compared to the non-resonant VW(Z) production depends on the (unknown) mass spectrum
of the heavy spin-1 fields. The general structure of the amplitude, taking into account also the
non-resonant VW(Z) production, can be written as
(24)σ(qi q¯j → VW) =
12πΓ 2ABAqqBAVW
(q2 −M2A)2 +M2AΓ 2A
[
Kres
(
q2
)+ (q2 −M2A)2
F 2A
ΔVπ
(
q2
)]
,
where Kres(q2) takes into account the off-shell A exchange [Kres(M2A) = 1] and ΔVπ(q2) arises
by the non-resonant VW production. Their explicit expressions are
Kres
(
q2
)= ( M6A
(q2)3
)
(q2 −M2V )3
(M2A −M2V )3
×
[
g2V (M
2
V + 2q2)q2 + 6gV gAM2V q2 + g2A(q2 + 2M2V )M2V
g2V (M
2
V + 2M2A)M2A + 6gV gAM2V M2A + g2A(M2A + 2M2V )M2V
]
,
(25)
ΔVπ
(
q2
)= ( M6A
(q2)3
)
(q2 −M2V )3
(M2A −M2V )3
× 1
g2V (M
2
V + 2M2A)M2A + 6gV gAM2V M2A + g2A(M2A + 2M2V )M2V
×
{
G2V
M2V + 2q2
q2
− 2GV FV 2M
2
V + q2
q2 −M2V
+ F
2
V
2
M4V + 4q2M2V + (q2)2
(q2 −M2V )2
+ gA 2FAM
2
V
M2A − q2
(
3GV − FV M
2
V + 2q2
q2 −M2V
)
+ gV 2FA
M2 − q2
(
GV
(
M2V + 2q2
)− FV q2(2M2V + q2)
q2 −M2
)}
.A V
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histograms show the possible contribution of a vector resonance of mass MV = v, with GV = v/
√
3 and FV = 50 GeV
(see text).
Also in this case the partonic result can easily be translated into the hadronic cross section by
means of the form-factor method discussed before. It should be noted that there are always two
kinematically independent combinations corresponding to the same three SM gauge boson final
state [e.g. (W+Z)V W− and (W−Z)V W+]. Given the narrow widths of the heavy vectors, to a
good approximation we can neglect their interference and sum them incoherently.
5. Numerical analysis
In this section we perform a numerical analysis of the cross sections discussed above for the
existing hadron colliders, namely Tevatron (pp¯ collisions) and the LHC (pp collisions).
We start our analysis with a detailed investigation of the e+e− final state. Here we use the
recent Tevatron analysis to set bounds on the parameter space of our model. We will also illus-
trate how this effective approach allows us to easily implement the constraints from electroweak
precision observables. We then proceed to discuss the expectations for the LHC in the case of
two and three SM gauge boson final states.
5.1. The +− final state
The CDF Collaboration has recently reported the results of a search for high-mass resonances
in the e+e− spectrum of pp¯ collisions at 1.96 TeV [16]. This search does not show significant
deviations from the SM (with the exception of a 2σ excess around 250 GeV, shown in Fig. 3)
and can be used to set limits on the parameter space of our model.
Fitting the CDF spectrum with the SM plus a single vector resonance leads to the exclusion
bounds reported in Fig. 4. This analysis has been obtained fixing GV = v/
√
3 (from the unitar-
ity constraint), assuming MA  MV (i.e. neglecting the axial-vector contribution), and taking
into account the interference between the SM and the heavy-vector exchange amplitudes. The
238 O. Catà et al. / Nuclear Physics B 822 (2009) 230–244Fig. 4. Bounds in the FV –MV plane from e+e− CDF data, and comparison with some of the constraints from EWPO: S
and anomalous trilinear gauge-boson couplings (vector contribution only, see text). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
hadronic cross section has been obtained using the form-factor method illustrated in Section 4,
normalizing the results to the published CDF data.
The dark gray area in Fig. 4 denotes the region excluded (at 95% C.L.) by the CDF data. The
small green areas correspond to the narrow regions of the parameter space where the deviations
from the SM are fitted in terms of the model parameters. Such deviations are not statistically
significant yet. However, it is interesting to note that they can be fitted in our model, with values
of the free parameters which are not unrealistic (although they are clearly not the most natural
ones). In Fig. 4 we also report some EWPO bounds, in particular the contribution of the heavy
vector to the S parameter
(26)S = 4π
(
F 2V
M2V
− F
2
A
M2V
)
,
and to the trilinear gauge-boson (TGB) couplings
κγ = −g
2FV GV
2M2V
+ g2 S
16π
, gZ1 = −
g2FV GV
4c2WM
2
V
− g
2s2W
c2W(c
2
W − s2W)
S
16π
,
(27)κZ = −g
2(c2W − s2W)FV GV
4c2WM
2
V
− 2g
2s2W
c2W − s2W
S
16π
.
In the case of S we show the result for FA = 0, which can be considered as the maximal con-
tribution to S in this framework. The TGB constraints are obtained neglecting the (S/16π)
O. Catà et al. / Nuclear Physics B 822 (2009) 230–244 239Fig. 5. Possible signatures of V and A states in pp → +− at √s = 14 TeV. The parameters of the model are:
{MV ,MA} = {700,800} GeV, FV = 2GV = 2v/
√
3, FA = 300 GeV (see text for more details). The plot does not
include any experimental cut and reconstruction efficiency.
terms in Eq. (27), a condition which must be fulfilled in any realistic model, given the strong
phenomenological constraints on S.2
As it can be seen in Fig. 4, a light vector resonance could explain the observed excess at
me+e− ≈ 250 GeV. This would not be possible if we impose the hidden-gauge relation FV =
2GV (which holds in 3- and 4-site Higgsless models), but it can occur in our more general
framework, for FV < GV . Interestingly, the values of FV and MV needed to fit such excess are
not excluded by EWPO. The positive contribution to S need to be partially compensated by a
negative S from the axial resonance and, most importantly, by a positive T . The latter could
arise at the one-loop level thanks to the mechanism discussed in [13]: imposing that the axial
resonance acts as a cut-off of the one-loop quadratically divergent T generated by the light
vector field, one obtains
(28)T ≈ 3π
c2W
(
FV − 2GV
2MV
)2 M2A
16π2v2
.
Imposing a good EWPO fit we can thus fully determine the properties of both V and A states. The
axial mass turns out to be determined quite precisely, MA ≈ 1.3 TeV, providing a simple testable
prediction of this framework if the signal in Fig. 4 would become statistically significant.3
Leaving aside CDF data, in Fig. 5 we show typical signatures of V and A states in pp → +−
at the LHC for more natural values of their masses. Here the normalization of the cross section
and the irreducible SM background has been obtained using Madgraph [20]. In the case of the
2 We define trilinear gauge-boson (TGB) couplings and oblique parameters (S and T ) as in [17]. On the TGB, following
Ref. [18], we impose the constraints κγ = κγ − 1 = +0.16 ± 0.13 and gZ1 = gZ1 − 1 = −0.09 ± 0.05.3 An even more stringent prediction is the appearance of an excess similar to the one in Fig. 4 in the pp¯ → μ+μ−
spectrum. The absence of significant deviations from the SM in the latter [19] reinforce the explanation of Fig. 4 in terms
of statistical fluctuations only.
240 O. Catà et al. / Nuclear Physics B 822 (2009) 230–244Fig. 6. Invariant mass spectrum of WZ pairs produced in pp → WZ at √s = 14 TeV, with contributions from V and A
states. All resonance signals have been obtained assuming FA = FV = 2GV = 2v/
√
3, gA = 1/2 and gV = 0. The SM
background corresponds only to the irreducible electroweak production of WZ pairs. The plot does not include neither
experimental cuts nor reconstruction efficiencies.
vector resonance, the signal is obtained for FV = 2GV (fixing GV from unitarity). As it can
be seen, even in this favourable case (maximal value of FV ), the vector peak is hardly visible
if MV > 700 GeV. On the other hand, the axial peak could be seen even at larger masses if
MA − MV  MA, leading to a small axial width (see Section 3) and a corresponding enhanced
peak. The axial signal in Fig. 5 is obtained fixing MA = 800 GeV, FA = 300 GeV, gA = 1/2,
and gV = 0 (the value of FA follows from the requirement of a satisfactory EWPO fit).
5.2. Two and three gauge boson final states
Since the R → ZZ channel is forbidden and the WW final state represents a difficult exper-
imental signature, in the case of two gauge-boson final states we focus our discussion on the
pp → WZ process. In Fig. 6 we show the typical signal at the LHC for the WZ channel for
different vector and axial vector masses, assuming a small splitting (MA − MV = 100 GeV).
This plot should be used only for illustrative purposes, given that we have not included the decay
branching ratios of W and Z bosons and the corresponding detection efficiencies. As in Fig. 5,
the vector signal is obtained for FV = 2GV and fixing GV from unitarity. In order to illustrate
the possible contribution of the axial resonances in this channel, we also set FA = FV , gA = 1/2,
and gV = 0. The normalization of the cross section and the irreducible SM background has been
obtained using Madgraph [20].
In the three pairs of peaks the first one is always the vector signal. As it can be seen, for FV =
2GV and MV = 700 GeV we should expect ∼ 103 WZ pairs/fb−1, well above the irreducible
SM background, or the electroweak cross section for the production of WZ pairs in the SM.
A realistic evaluation of the signal efficiency and the corresponding signal/background ratio
for this channel is beyond the scope of the present analysis. However, some general consid-
erations can still be drawn. Requiring two leptonic decays ( = e,μ), to avoid the large non-
O. Catà et al. / Nuclear Physics B 822 (2009) 230–244 241Table 1
Summary of the leading-order cross sections for the production of a light charged vector resonance in pp collisions at√
s = 14 TeV and √s = 10 TeV. The results are obtained summing over all decay products in the mass range |MX −
MV | 3ΓV , setting FV = 2GV , and fixing GV from unitarity (GV = v/
√
3). The results for different values of FV can
be obtained scaling the figures in the table by F 2
V
/(2GV )2.
M = 500 GeV M = 750 GeV M = 1000 GeV
σ(pp → V+ → X)√s=14 TeV 11 pb 1.2 pb 0.23 pb
σ(pp → V+ → X)√s=10 TeV 6.7 pb 0.7 pb 0.13 pb
irreducible backgrounds of the hadronic modes, leads to a theoretical efficiency of Z × W ≈
1.5%. The requirement of three high-pT leptons, the condition that the invariant mass of two of
them is close to MZ , and the condition of a small missing mass (because of a single neutrino),
leads to a good suppression of the non-irreducible backgrounds (mainly Z plus miss-identified
leptons or leptons from heavy quark decays), which becomes subleading with respect to the ir-
reducible one (see e.g. [22] for more detailed studies). Thus for FV = 2GV and MV = 700 GeV
we should thus expect O(10) events/fb−1 of rather clean leptonic final states, which seems to be
a promising signal even with few fb−1 of integrated luminosity (similar conclusions have indeed
been obtained in [12], where a more accurate simulation of this process has been presented).
To a large extent the structure of the vector peak in the WZ channel is model-independent:
at fixed MV it can only be rescaled by the ratio F 2V /(2GV )2 (the result obtained for FV = 2GV
is what is expected in the hidden-gauge models). In Table 1 we report the corresponding cross
sections both at
√
s = 14 TeV and √s = 10 TeV. For light masses the expected cross sections
are close to the present sensitivity of Tevatron for WW and WZ final states: we have explicitly
checked that the recent measurements/bounds on WW [23] and WZ [21] final states do not pose
more stringent bounds on the parameter space of the model with respect to those in Fig. 4.
The axial signal in the WZ channel is subject to a larger uncertainty: for MA  MV it is a
subleading decay mode and there is no hope to observe it; however, for small splitting the axial
peak can even exceed the vector one. This is clearly illustrated by the three pairs of peaks in
Fig. 6: increasing both MA and MV at fixed MA −MV leads to a reduced relative splitting which
enhances the axial signal. It is worth stressing that a small mass splitting between A and V states
is not an unlikely configuration: it is the most simple way to minimize the contribution to S, as
required by the EWPO.
For large mass splittings the dominant axial decay modes are final states with three gauge
bosons. In Fig. 7 we show typical signals in the WWZ channel. Almost identical distributions
are found in the WWW and WZZ case. The resonance parameters used for this plots are the
same adopted in Fig. 6 with the exception of the masses: a larger mass splitting has been chosen
in order to increase the signal. The most interesting observation in this case is that the irreducible
SM background is totally negligible, even for large axial masses. Requiring three leptonic decays
leads to rather small efficiencies, and it does not necessarily lead to a good rejection of the
background for processes with more than one neutrino.4 Generalising the results of Ref. [10]
on the WZZ case, an efficient background rejection should be obtained requiring two leptonic
decays, of which at least one from the Z (also in this case the leading non-irreducible background
4 Requiring at most one neutrino, or zero missing mass, has the double advantage of suppressing the non-irreducible
background and allowing the study of the three gauge boson mass spectrum.
242 O. Catà et al. / Nuclear Physics B 822 (2009) 230–244Fig. 7. WWZ invariant mass distribution in pp → WWZ at √s = 14 TeV, with contributions from V and A states.
Notations and model parameters as in Fig. 6.
Fig. 8. WZ invariant mass distribution in pp → WWZ at √s = 14 TeV, with contributions from both V and A states
(left); V only (right). Notations and model parameters as in Fig. 6.
consists of a Z plus miss-identified leptons or leptons from heavy-quark decays). According to
this strategy, the most promising cases are:
• [WWZ] one leptonic W , one hadronic W , and a leptonic Z: W ZhadW ≈ 0.9%;
• [WZZ] one leptonic W , one leptonic Z, and one hadronic Z: WZhadZ ≈ 1%.
• [WZZ] two leptonic Z, and one hadronic W : (Z)2hadW ≈ 0.4%.
Thanks to the non-resonant diagram in Fig. 2(b), a non-standard signal in the three gauge
boson final state could also be obtained in the limit MA → ∞, if MV were sufficiently light. In
such case we would not observe a peak in the three-body mass distribution, but only in specific
two-body projections, as illustrated in Fig. 8. A detailed discussion of such signal in the WZZ
case has been presented in Ref. [10] in the context of the so-called three-site Higgsless model
O. Catà et al. / Nuclear Physics B 822 (2009) 230–244 243(where there are no light axial-vector resonances). We agree with the conclusion of Ref. [10]
that in the three-site Higgsless model the WZZ signal is clearly visible at the LHC only with an
integrated statistics of O(100) fb−1. On the other hand, the comparison of the two plots in Fig. 8
shows that in non-minimal models, with relatively light axial vectors, the same signal could be
enhanced up to two orders of magnitude, motivating this search even in the early stage of the
LHC.
6. Conclusions
Spin-1 resonances are a general feature of Higgsless models: they are typically the lightest
non-SM states and play a key role in unitarizing the theory up to a few TeV. The most general
signature of these states (in particular of the vector ones, assuming that parity is a good symmetry
of the new dynamics), is their appearance in WW (or WZ) scattering. This effect is related to the
role played by the new states in unitarizing the theory and, to a large extent, it can be predicted in
a model-independent way [9]. The only relevant free parameter is the mass of the lightest vector
state, which is not fixed by the unitarity condition. As shown by recent analyses (see e.g. [10]),
detecting such states in WW scattering at the LHC is not an easy task: for MV ∼ 700 GeV an
integrated statistics of O(100 fb−1) is needed.
In this paper we have analysed the Drell–Yan production (or the production via qq¯ fusion) of
vector and axial-vector states in Higgsless models. Contrary to the WW fusion, the Drell–Yan
production is quite sensitive to the details of the model. We have analysed the problem in general
terms using the effective theory approach proposed in Ref. [13], where the relevant properties of
the lightest spin-1 states are described in terms of a few effective parameters, and the constraints
of EWPO can easily be implemented. Despite the faster drop of the signal/background ratio for
rising MV(A), compared to WW fusion, we find that in a large fraction of the parameter space the
Drell–Yan production may yield a rather large and clean non-standard signal, even for integrated
statistics of O(1 fb−1). In addition to the mass spectrum, the key parameters here are the effective
couplings FV (A), which parametrise the (gauge-invariant) mixing of the new states and the SM
gauge bosons. Interestingly, the determination of these parameters could shed more light on the
role of the resonances in the EWPO [13].
Our main conclusions can be summarised as follows:
• For very light masses (MV  800 GeV), the cleanest signal is the +− final state. In this
channel Tevatron is already providing significant constraints in the FV –MV plane, that we
have summarised in Fig. 4. It is worth stressing that relatively low MV values are still al-
lowed, provided FV is not maximal: a configuration which is not allowed in the simplest
Higgsless models, but is possible (and even favoured by the EWPO) in our more general
effective theory approach.
For large values of FV (FV ≈ 2GV ), there are realistic chances to observe deviations from
the SM at the LHC, even with a statistics of a few fb−1. However, in this channel the sig-
nal/background ratio drops very fast with MV : this implies that it is almost impossible to
detect a signal for MV  800 GeV (even with high statistics).
• The WZ final state could offer a wider mass reach, for sufficiently high statistics. Here
the starting point are the total cross sections reported in Table 1. As shown in Fig. 6, the
ratio between signal and irreducible background is large even for MV ∼ 1.2 TeV. Requiring
leptonic decays of both Z and W , to suppress the non-irreducible background, the mass
region MV  1 TeV could be explored with an integrated statistics of O(100 fb−1).
244 O. Catà et al. / Nuclear Physics B 822 (2009) 230–244• The WZZ and WWZ channels are the best channels to search for the axial-vector resonance,
if the latter is not degenerate in mass with the vector and is not too heavy. If FA is large, a
configuration which is favoured by the EWPO, the resonance signal in the WZZ and WWZ
channels could be as large as in the WZ case (for similar resonance masses), and would
benefit of a smaller irreducible background.
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